[1] New space gravity missions will provide gravity measurements with unprecedented accuracy and high spatial resolution. To reveal the oceanic and hydrologic signals in monthly time-variable gravity field from the Gravity Recovery and Climate Experiment (GRACE) satellite (Tapley et al., 2004) entails the removal of the atmospheric contribution, which in turn requires a precise knowledge of the atmospheric mass redistribution. We reconstruct the three-dimensional (3-D) variations of air-density from vertical profiles of pressure, temperature, and specific humidity provided by the National Centers for Environmental Prediction (NCEP) atmospheric model of a realistic topography. We compare our results with those from the classical thin layer (2-D) approximation and show that the differences between the complete 3-D and the 2-D computations are often nonnegligible in the presence of the expected GRACE sensitivity up to harmonic degrees of 15-20, corresponding to wavelengths of 2000-2500 km. For actual computation, we recommend the use of the sigma level atmospheric data with special attention to the latitude and altitude dependence of the Earth's gravity. We also examine and conclude the importance of the differences with previous study which assumed a constant surface gravity acceleration without a latitudinal dependence.
Introduction
[2] Launched in March 2002, Gravity Recovery and Climate Experiment (GRACE) [Tapley et al., 2004] is expected to be able to detect mass changes equivalent to several millimeters of water thickness over an area several hundred kilometers across within a month [Wahr et al., 1998 ], although the accuracy currently achievable is an order of magnitude inferior [Wahr et al., 2004] . The retrieval of oceanic and hydrologic signals in monthly GRACE gravity field solutions relies on a precise removal of the dominant atmospheric contributions, which requires an accurate knowledge of higher frequency atmospheric mass distribution as well as the accompanying loading effects, which could otherwise alias into monthly signals and render erroneous geophysical interpretations.
[3] The atmosphere being nearly hydrostatic at low frequencies, the atmospheric thickness is usually neglected in loading calculations, and the atmospheric loading is therefore modeled as a thin layer process and hence only a function of the surface pressure. Because of the new requirements of accuracy associated with GRACE, this traditional approximation is no longer sufficient for deducing atmospheric loading effects [Swenson and Wahr, 2002] .
[4] In this paper, we model the loading effects induced by the three-dimensional (3-D) structure of the atmosphere using global meteorological data sets from the NCEP/ NCAR Reanalysis project [Kalnay et al., 1996] . In section 2 we contrast the formulation of the atmospheric loading effects under different hypotheses related to the atmospheric structure (2-D versus 3-D) and the Earth's shape (spherical versus more realistic). In the case of the 3-D computation, because air density is not provided in global meteorological data sets, section 2.4 is devoted to the formulation of the atmospheric density variations in two different ways: the state law and the hydrostatic equilibrium. We also examine the indirect loading effects of the vertical atmospheric structure, expressed with the load Love numbers. We present their formulation in section 3 which is not treated by Swenson and Wahr [2002] . We also emphasize the vertical discretization of atmospheric data sets in section 4 and show the differences between Swenson and Wahr's [2002] study. The computational results are given in section 5.
Direct Gravity Effects of the Atmosphere
[5] The atmosphere acts on the Earth gravity field through two effects: a direct attraction by air masses and a much smaller indirect elastic loading effects of opposite sign that corresponds to the global Earth deformation, expressible in terms of Love numbers. The net effect is the sum of the two. This section treats the direct effects, whereas section 3 is devoted to the indirect effects.
[6] The geoid height variations (attraction part) caused by mass redistribution r(q, l, r, t), while normalized with respect to the mean Earth radius a, are equal to the Stokes coefficients DC n m and DS n m [Chao and Gross, 1987; Wahr et al., 1998; Chao, 2005] :
where q and l are the colatitude and the longitude, P n m (cos q) the fully normalized (4p) Legendre polynomials of degree n and order m [Heiskanen and Moritz, 1967] and r e the mean Earth density. The vertical integral DI n (q, l, t) is
where r is the distance to the Earth's center of mass, chosen to be the origin of the coordinates. In sections 2.1-2.3, we evaluate DI n (q, l, t) for different assumptions for the atmospheric structure (2-D or 3-D) and the Earth shape (spherical or more realistic).
Thin Layer 2-D Atmosphere on a Spherical Earth
[7] In a crudest case the atmosphere thickness (scale height of about 10 km) is neglected and the atmospheric loading is modeled as a ''collapsed'' thin layer 2-D process acting on a spherically symmetric Earth (r = a) and is therefore only function of the surface pressure p 0 (q, l, t). Equation (2) therefore reduces to
where g 0 is the mean Earth surface gravity on a spherical Earth. In this case, DI n (q, l, t) depends only on the surface pressure variations and not on the harmonic degree n.
Thin Layer 2-D Atmosphere on a Realistic Earth
[8] In atmospheric general circulation models (GCM), the altitude z is referred to the mean sea surface, i.e., the geoid x(q, l) [Lemoine et al., 1998 ], considering both the Earth gravity field and the rotational centrifugal force. The distance to the Earth's center of mass is therefore equal to
If we now consider a thin layer 2-D atmosphere acting on a realistic Earth surface, i.e., z = h(q, l) the orography, then r = a + x(q, l) + h(q, l), equation (2) becomes
where g(q, h) is the gravity at the Earth's surface. In this case, DI n (q, l, t) depends on surface pressure variations and slightly on the harmonic degree n. To compute this z integral DI n (q, l, t), we need to know the atmospheric density variation r(q, l, z, t) with respect to the height z.
Estimation of Air Density
[10] As the density is not a classical parameter in atmospheric GCMs, we must compute it using other meteorological output parameters in the equation of state involving pressure p, temperature T, and specific humidity q [Gill, 1999] :
where R is the universal gas constant for dry air. The virtual temperature T V is a function of temperature T and specific humidity q:
where is the ratio of R and the universal gas constant for water vapor. The water vapor content changes lead to variations of the virtual temperature of about a few degrees; therefore the effects induced by temperature changes are one order of magnitude larger than the effects induced by water vapor variations.
[11] Most numerical weather models assume that the atmosphere is hydrostatic, i.e., they assume no vertical acceleration with its related pressure change. A relation between pressure and height variation is therefore established:
Under hydrostatic equilibrium, an alternative way of evaluating atmospheric density variations is thus
The vertical integral DI n (q, l, t) becomes
The two expressions of DI n (equations (6) and (11)) should be equivalent if the atmospheric GCM assumes the hydrostatic equilibrium, which is the case for the NCEP Reanalysis [Kalnay et al., 1996] .
Indirect Gravity Effects of the Atmosphere
[12] We must deduct from the direct attraction the indirect loading effects as a result of the solid Earth deformation induced by the atmospheric mass itself. They are usually expressed using Love numbers.
Thin Layer 2-D Approximation
[13] Corresponding to section 2.1, in the case of the thin layer approximation on a spherical Earth, the indirect gravity field loading effects are
where k 0 n is the load Love number of degree n. Note that k 0 n has a negative value, from À0.3 for degree 2 and approaches zero with increasing degree n. The load Love numbers can be computed using, say, PREM [Dziewonski and Anderson, 1981] model assuming a spherically symmetric, nonrotating, elastic and isotropic (SNREI) Earth [Farrell, 1972] .
Hybrid Assumption [14] Swenson and Wahr [2002] evaluated the indirect loading effects as
with DI n (q, l, t) given by equation (6). In this case one models the loading effect as a thin layer 2-D process at the Earth surface, but the acting potential using the 3-D structure of the atmospheric density. This is a hybrid model.
Three-Dimensional Computation
[15] The loading effects correspond to the Earth's gravity field changes and its global deformation usually expressed in term of Love numbers [Munk and McDonald, 1960] . These effects are the sum of the effects induced by a pure pressure effect acting at the Earth surface and by the gravitational changes due to air mass redistribution. In the case of a thin layer 2-D approximation acting on a spherical Earth, the loading effects reduces to equation (12) . The load Love number k 0 n is the sum of the potential Love number k n and a pressure Love number k n [Hinderer and Legros, 1989] :
In the case of a 3-D atmosphere, there is no simple way to combine the gravitational part (k 0 n ) to the surface pressure term ( k n ).
[16] Thus the indirect Earth gravity field change becomes
The first term (potential) is a function of the 3-D variations of atmospheric density whereas the second term (pressure) is a function only of surface pressure variations.
Some Remarks on the Vertical Discretization in Atmospheric GCMs
[17] We want to emphasize, in the next paragraph, the vertical discretization used in atmospheric GCMs. First, the classical geometric height is transform into the geopotential height. The momentum is not expressed in the classical latitude-longitude-geometric height coordinate system, but in the latitude-longitude-sigma level system.
Geopotential Height
[18] Typically, in atmospheric GCMs, the vertical coordinate is the geopotential height instead of the geometric height. The geopotential F is defined as the potential energy due to gravity (gravitational and centrifugal forces) of a unit mass above the geoid (i.e., zero energy surface) [List, 1958] :
The geopotential height H is defined as a rescaled geopotential and is given by
where g 45 = 9.80665 m/s 2 is the gravity at 45°latitude and mean sea level, according to the World Meteorological Organization [1988] . The gravity at any location (q, l, z) can be empirically linked to the gravity at the mean sea level (or geoid) g s (q) [Heiskanen and Moritz, 1967] :
where A = 6378.137 km is the Earth's semimajor axis. The expression of g s (q) is given by Heiskanen and Moritz [1967] or List [1958] : where g e = 9.780356 m/s 2 is the gravity at the equator and at the mean sea level. An accurate approximation (errors smaller than 0.01%) of the relation between the geometric and the geopotential height is given by List [1958] :
The transformation of geopotential height into geometric height is given by Office of the Federal Coordinator for [19] If we replace in equation (9), the geometric height z by the geopotential height H, the hydrostatic equation becomes dp ¼ Àrg 45 dH ð21Þ
This transformation of the geopotential height into the geometric height allows a constant gravity in the hydrostatic equation. In this new system of coordinates, the Earth appears to be spherical with a constant Earth gravity equal to g 45 . Although this new system of coordinates is not orthogonal, it is, however, supposed to be in atmospheric GCMs. This transformation allows the geometric modeling of the Earth's oblate shape in a simple way, but the atmospheric dynamic (momentum equation) is still spherical. The modeling of the oblate shape of the Earth is especially required for the assimilation of 3-D atmospheric observations [see, e.g., OFCM, 1997].
Sigma/Pressure Levels
[20] The vertical coordinate of most global atmospheric circulation models is the nondimensional sigma coordinate. The sigma coordinate is defined as the ratio between the pressure p and the surface pressure p 0 . The surface pressure and the virtual temperature are the data from the NCEP/ NCAR Reanalysis system. The altitude of a level has to be recomputed using the hydrostatic equilibrium (equation (9)) assumption and the state law (equation (7)). Geometric height variations dz are therefore linked to pressure variations:
In terms of geopotential height, the hypsometric equation becomes
The pressure level data are obtained by an interpolation of the sigma level data and are only used for meteorological diagnostics. All atmospheric parameters are therefore given at different isobaric surfaces. The number of vertical levels is 17 for the NCEP/NCAR Reanalysis atmospheric GCM.
[21] Figure 1 shows the geopotential height of the first sigma and pressure levels (up to an altitude of 2000 m) over part of the equator for 1 January 2002 at 0000 UT. The vertical resolution of sigma level data is significantly higher than for the pressure level data at low altitudes, where the air density is also higher. As opposed to sigma levels which follow the topography, the pressure level can cut the topography and therefore their real resolution is also smaller on mountainous areas. For the complete description of sigma and pressure levels of NCEP/NCAR Reanalysis data, we refer the reader to Table 1 of Kalnay et al. [1996] .
[22] Because pressure level data are obtained by an interpolation of the sigma level data, the computation of atmospheric loading effects using pressure level data can be less precise than using the original sigma level data. For these reasons, we recommend to use the sigma level data for estimating the 3-D atmospheric loading effects on Earth time-variable gravity field.
[23] For the operational European Center for Mediumrange Weather Forecasts (ECWMF), the differences of vertical resolution between the model level and the pressure level data are larger: there are 60 model levels as opposed to 21 pressure levels (1000, 925, 850 mbar . . ., up to 1 mbar for the higher level).
Computational Results
[24] The real aliasing effects of any mismodeling of the atmospheric loading cannot be easily estimated [see, e.g., Ray et al., 2003], and so we choose to compare, on one hand, the differences between two loading estimates (typically, the 2-D assumption versus different 3-D computations) and, on the other hand, the expected GRACE observation sensitivity (S. Bettadpur, personal communication, 2002).
Differences Between Pressure and Sigma Levels
[25] We have shown that there are two ways to compute the 3-D atmospheric loading (equation (6)): one is using the state law (equation (7)) for computing the air density, and the other is using the hydrostatic assumption (equation (11)). The atmospheric loading can also be modeled using pressure or sigma level data.
[26] Figure 2 shows the harmonic degree spectrum of the geoid height root-mean-square (RMS) differences between the 3-D atmospheric loading computed with the pressure or sigma level data, and also using the state law (equations (6) and (7)) or the hydrostatic assumption (equation (11)) for a 3-month period (January to March 2002). The loading estimates (state law and hydrostatic) using sigma level data are almost identical. This is, however, not the case for the pressure level data. We can also notice that the loading estimated with pressure and sigma level data agree only using the state law, but not using the hydrostatic assumption. There is also an artificial ''jump'' in the geoid height spectrum appearing around degree 35 using the pressure level data. Although surface pressure and pressure level data are provided on a 2.5 by 2.5 degree regular grid, the NCEP/NCAR Reanalysis model is run using a T62 spectral resolution, i.e., in spherical harmonics up to a maximum degree of 62 [Kalnay et al., 1996] . The pressure levels data are therefore obtained not only with a vertical interpolation but with a full 3-D interpolation scheme.
[27] Figure 3 shows a ''snapshot'' of the corresponding spatial differences (1 January 2002 at 0000 UT). The particular near-circular structures, in the midlatitude areas (see Figures 3b and 3d ), in the 3-D computation using the hydrostatic equilibrium and pressure level data are absent in the 2-D and the 3-D computations using the state law. We have at this time no clear explanations, but it could be linked with the ''jump'' observed in the geoid height spectrum around degree 35 (Figure 2) .
[28] Therefore we recommend to use sigma level data to model 3-D atmospheric loading effects on Earth's timevariable gravity field, because of their better vertical resolution and also because they are the ''raw'' outputs of atmospheric general circulation models.
Differences Between 2-D and 3-D Computations
[29] Figure 4 shows the spectrum of the RMS differences between the 3-D atmospheric loading, computed following equations (6) and (7) and the two 2-D thin layer approximations, i.e., on a spherical and on a more realistic Earth, computed for the 3-month period from January to March 2002. The differences between the 2-D and 3-D atmospheric loading are shown to be larger than the expected GRACE accuracy up to degree 15, corresponding to wavelengths larger than 2500 km. We also show that the differences between the 2-D approximations (spherical and more realistic Earth) are also larger than GRACE sensitivity. Therefore the nonsphericity of the Earth, especially its oblate shape cannot be neglected for modeling precise atmospheric direct attraction effects.
[30] In Figure 5 we plot the spatial differences between the 2-D thin layer approximation on a realistic Earth and the 3-D atmospheric loading (sigma levels and state law). The differences between the 2-D and 3-D atmospheric loading are larger in midlatitude areas, and are linked to the classical high-and low-pressure meteorological structures.
[31] Figure 6 shows the time variations of low-degree geoid height for the 3-D atmosphere using the sigma level data, overlaid with its differences with the classical 2-D Figure 2 . Spectrum of the geoid height RMS differences between the 3-D atmospheric loading computed with the sigma or pressure level data and using the state law or the hydrostatic assumptions. assumption on a spherical Earth, magnified by a factor of 10. For the zonal coefficients, we can notice that the differences between the classical 2-D assumption and the 3-D atmospheric loading are typically one order of magnitude lower than the amplitude of the loading. For comparison, the order of magnitude of the precision of Satellite Laser Ranging time-variable gravity is about 0.1 mm for C20 [Cox and Chao, 2002] , larger than the differences between the 2-D and 3-D loading estimates here. For the other coefficients, these differences are another order of magnitude lower. Therefore the computation of the 3-D atmospheric loading is only required for the new space gravity missions. Swenson and Wahr [2002] [32] Figure 7 shows the RMS differences of our 2-D and 3-D computations, on a realistic Earth and using sigma level data, with the loading estimates using the formulation of Swenson and Wahr [2002, equation (19) ], who assumed a constant surface gravity, neglecting any latitude depen- . Spectrum of the geoid height RMS differences of our 2-D and 3-D computations (state law and sigma levels) with the 2-D and 3-D loading estimates using Swenson and Wahr's [2002] formulation, i.e., neglecting the latitude dependence of surface gravity.
Differences Due to Latitude Dependence of Gravity: Comparison With Study of
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BOY AND CHAO: EARTH'S GRAVITY FIELD AND ATMOSPHERIC LOADING dence. We show that the latitude dependence of gravity (see equations (18) and (19)) and the relation between the geopotential and geometric heights (see equation (20)) cannot be neglected for the estimation of the atmospheric loading effects on Earth's time-variable gravity field for degrees lower than 10, and especially for the zonal coefficients. Because the nonuniform gravity assumed here is only a function of latitude and altitude, but not of longitude, the differences between our estimates and those of Swenson and Wahr [2002] affect only the zonal coefficients (see Figure 8 ).
Differences in Indirect Loading Effects
[33] Figure 9 shows the spectrum of RMS differences between the three models of indirect loading effects, computed for a 4-month period from January to March 2002 and using NCEP/NCAR Reanalysis data sets. The indirect loading effects being at least one order of magnitude smaller than the direct attraction, the differences between the three computations are smaller or very close to the expected accuracy. Therefore the hybrid approximation of Swenson and Wahr [2002] is currently adequate for estimating the indirect loading effects.
Conclusion and Discussion
[34] New space gravity missions demand very high precisions in the estimation of atmospheric loading (both direct and indirect) effects. We have shown that the 3-D structure of the atmosphere cannot be neglected for computing the atmospheric loading effects for these new gravity missions, at least for wavelengths longer than 2000 km. We Figure 8 . Differences between our 3-D computations and Swenson and Wahr's [2002] estimates for the low-degree zonal coefficients. The expected precision of GRACE is a few microns for degrees 3 to 5. Figure 9 . Spectrum of the geoid height RMS differences for the indirect loading effects.
have also shown that (1) careful attention must be paid to the Earth's nonspherical shape and especially its oblateness and (2) the 3-D atmospheric loading computation is not only required for estimating high-frequency atmospheric contributions on Earth's gravity field but also for longer periods, mainly at annual and semiannual timescales.
[35] In order to meet the requirement of the new space gravity missions, specifically, for estimating the 3-D atmospheric loading we recommend that (1) the latitude and altitude dependence of gravity should be considered, (2) the geopotential height should be correctly converted into geometric height, and (3) sigma level should be used instead of pressure level data, because of their finer vertical resolution, and their dependence on the basic model structure.
[36] These estimation of the indirect loading effects could be improved by taking into account the lateral heterogeneity of the Earth's structure, including the oblate shape and the differences between the oceanic and continental lithospheres. In this case, the load Love numbers will not only be a function of the degree n but also of the order m. However, the induced effects should be below the GRACE sensitivity.
[37] Another issue is the precision of the atmospheric data sets. For the surface pressure, one way to evaluate is to compare the NCEP/NCAR Reanalysis field with direct barometric measurements, as Velicogna et al. [2001] did for North America and the Arabian peninsula. This is not possible for 3-D atmospheric fields. The only feasible way, then, is to evaluate the precision of 3-D atmospheric loading by comparing loading effects modeled using different atmospheric GCM. We compare the loading modeled with the NCEP/NCAR Reanalysis and with the NCEP Operational Final Analysis. These differences are about the same order as those between NCEP/NCAR Reanalysis and European Centre for Medium-Range Weather Forecasting (ECMWF) fields estimated by Velicogna et al. [2001] , i.e., significantly larger than GRACE resolution and also than the differences between the 2-D and 3-D computations. However, we should not forget that the NCEP/NCAR Reanalysis is an older model [see Kalnay et al., 1996] , therefore smaller discrepancies can be expected between ECMWF and NCEP Operational fields because they are both up-to-date atmospheric GCMs with a high vertical (64 and 60 layers for NCEP and ECMWF, respectively) and horizontal (harmonic degrees up to 254 and 511 for NCEP and ECMWF, respectively).
[38] Because of its low orbit and its rapid revolution (around 90 min at altitude 500 km), special attention should be paid in the processing of the atmospheric (mainly S 2 and S 3 ) tides [see, e.g., Ray and Ponte, 2003] which cannot be sampled with the 6-hour sampling rate of meteorological data sets. In addition to the estimates of the 3-D atmospheric loading, further studies are needed to elucidate on the highfrequency oceanic loading and especially on the departure from the inverted barometer hypothesis for periods lower than typically a month [de Viron et al., 2004] .
